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VInova rovnica zvuku

(vSeobecny matematicky model vzniku a Sirenia zvuku v priestore)

Odvodena z: 5

* Eulerovej rovnice

.rov_nice kJont_inuity_ A (D — 1 . 5 (D

» Poissonovej rovnice 2 2
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Rychlostny potencial @: Laplaceov operator A :
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VLNOVA ROVNICA PRE HARMONICKY ROZRUCH

Vstupny predpoklad: & = &, -e /@t

AD+Kk>- d=0
o 27 .,
k=—=—-vlnove ¢islo
c, A

Vsimnite si podobnost medzi frekvenciou (kmitanie v
case) a vinovym cislom (kmitanie v priestore).

2.
w = Tn; T|s] (periéda kmitania)
2 ,
= 7”; A[m] (vinova dizka kmitania)
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RIESENIE VLNOVEJ ROVNICE PRE ROVINNU
ZVUKOVU VLNU

« V pripade rovinnej zvukovej viny predpokladdme Sirenie zvukovej viny v smere jedne;j
z osi (X,Y,2) kartézskej (pravouhlej) suradnicovej sustavy.

« Ak napr. predpokladame Sirenie zvukovej viny v smere osi x, bude platit”:

© - 5D
~ 5x2
, . 5° @
vlinova rovnica: ] +k2.d=0
O X
rieSenie: D= A.elletk) 4 g ailettk)

» Caso-priestorovy charakter zvukovej viny; (-kX): priama vlna, Siriaca sa od zdroja; (+kx): odrazena
(Spétna) vlna, Siriaca sa k zdroju;

29.2 2016



Stojata vina

tzv. oscilujica vina

vznika pri sCitani priamej a
odrazenej vilny (rovnakej amplitady
a frekvencie)

v uzloch stojatej viny (kx=n/2, 3r/2,
...) je nulova vychylka kmitania tym
aj nulovy ak. tlak

v ,,antiuzloch® (kx=0, &, 2m, ...)
stojatej viny je vychylka maximalna
a dvojnasobna (v porovnani s
priamou resp. odrazenou vinou)

ked’Ze pozicia uzlov a ,,antiuzlov* je
v priestore stabilna, zda sa, akoby
vlna stdla na jednom mieste — stojata
vina

animacie:

ak:

rychl. potencial:

Superposition of Plane Waves to Create Standing YWwave

7 Ralph Muehleisen, 2001

=B
D= A.pll@t) | A ailotke)
® =2A-cos(kx)e'


http://www.walter-fendt.de/ph14e/stwaverefl.htm

Akusticky tlak a akusticka rychlost’ v poli priame;
rovinnej zvukovej viny

» dasa dokazat, ze plati:

V:VX :5_®:_JkAej(a)t—kX)
O X
oD _ .
= — c— =] .A,ej(a)t_kx)
p pO 5t J pO

« amplitida ak. tlaku a rychlosti rovinnej zvukovej vlny nezavisi od vzdialenosti od zdroja

 akusticky tlak a akusticka rychlost’ st vo faze (medzi fazormi akustického tlaku a
rychlosti v komplexnej rovine nie je fazovy posun)
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VInova impedancia a akusticka intenzita v poli rovinne;
zvukovej viny

* vlnova impedancia zavisi iba od vlastnosti prostredia, v ktorom sa vlna Siri;

* na urCenie akustickej intenzity staci poznat’ jednu zo zdkladnych akustickych veli¢in —
akusticky tlak, alebo akusticku rychlost’ — vyhodné pre praktické aplikacie

zv :€:CO Po = Zv0 [kg m—2 S_l:|

1 1p® 1, P
|A—§pVCOS¢—E——EV Z,o [Wm ]

vO

cosp=1 — ak. tlak a rychlost’ sa vo faze



VlInova rovnice pre zvuk vo sférickych suradniciach a jej rieSenie

29.2 2016

pre harmonicky rozruch a neohraniceny priestor

LCubovolny bod v priestore je v kartézskej sustave vyjadreny suradnicami [X,Y,Z],
vo sférickej stistave stiradnicami [r,v,p] (r = vzdialenost’ bodu od pociatku, v, =
priestorove uhly)

predpokladdme Sirenie zvuku rovnomerne vSetkymi smermi, takze priestorové

uhly zanedbavame

Budiaci signal je harmonicky, t.j.: ® = dye /@t

0*(@r) 1 0°(Pr)
or’ ¢z ot

[ Rozbiehava vina Zbiehava vina }




Akusticky tlak, akusticka rychlost’ a vinova impedancia v
poli gulovej zvukovej viny

« Amplitada oboch veli¢in klesas rasticou vzdialenostou od zdroja.
* Medzi akustickym tlakom a akustickou rychlostou je fazovy posun

* VInova impedancia ma komplexny charakter (ma realnu aj imaginarnu zlozku) a zavisi
od vlnovej dlZky a vzdialenosti od zdroja zvuku)

p _ —J éa)pej(a)t—kr)
r
V:_é(l_l_ jkjej(wtkr)
r\r
P Jkr
., = — e ——
REVARRCILE e
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Fazovy uhol vinovej impedancie gulovej zvukovej viny

Fazovy uhol vinovej
impedancie gulovej
zvukovej viny klesa s
rastucou hodnotou
sucinu kr, t.).:

* s rastucou hodnotou
vzdialenosti od zdroja (r)

* s klesajucou hodnotou
vinovej dizky

¢ [degree]

Napr. kr >10
bude pre zvukovu vinu 100Hz
vo vzdialenosti:
>Q= 10c, _ 10-344
k 2zf 2-72-100
bude pre zvukovu vinu 1000Hz

= 5,475[m]

| =

uz vo vzdialenosti: 1
10 10c, 10-344 — r _ — I —
" T2xt " 2omt000 LM p=arclg k arcig kr = JrILTJO(p(kI’) 0
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Skutoénost, Ze s rastiicou hodnotou Modul vinovej impedancie gulovej zvukovej viny
sucinu kr sa fazovy uhol limitne blizi
k nule a hodnota vinovej impedancie
sa limitne blizi ku konstante cyp, 400 i
znamena, ze gulova zvukova vina
sa s rastucou hodnotou sucinu kr
svojimi vlastnostami limitne blizi k
rovinnej zvukovej vine.

Znamena to napr., Zze na meranie 200

akustickej intenzity gulovej viny
mobzeme uplatnit jednoduchsi
postup, aplikovatelny pri rovinnej
vine.

|Zv| [kg/m?s]

1004

0,1 1 10

kr=2mrr/\

: . Jkr
lim z, = lim ¢, p,

hm Jam n jkr = C, 0, [kg 5—1m—2]
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Blizke a vzdialene¢ pole

 Blizke pole (near field)

— Je to Cast’ akustickeho pol'a, nachadzajtca sa v blizkosti akustického zdroja

(priblizne do vzdialenosti, kedy plati: kr < 1t.j.2nr < A).

— Akusticky tlak a akusticka rychlost’ v blizkom poli nie st vo faze.

— Neplati v nom jednoducha relacia medzi akustickym tlakom a vzdialenost’ou, t.j.

akusticky tlak neklesa so Stvorcom vzdialenosti (Inverse Square Law)

« Vzdialené pole (far field)

29.2 2016

Je to Cast” akustického pol'a, nachadzajuca sa vo vacsich vzdialenostiach od
akustlckeho zdroja (priblizne do vzdialenosti, kedy plati: kr > 1t.j.2nr > A).

Akusticky tlak a akusticka rychlost’ v blizkom poli si vo faze, takze zvukova vina
sa mozZe povazovat' za rovinnu.

Akusticky tlak vo vzdialenom poli klesa so Stvorcom vzdialenosti (plati v iom
,,Inverse Square Law*).
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sphere area intensity at I nve rse Square IaW
4mr? surface of sphere (Zéakon inverzného §tvorca)
source power
Fll
PA
2
2

l ., _ A

| A2 PA 5 I
The energy twice as far from the
source is spread over four times 472- r2

the area, hence one-fourth the intensity.

I Z P I

Al v0 AL _ 2

|, 2= r

A2 ( pAz) Paz I
ZvO

*  Pri kon$tantnom akustickom vykone zvukového zdroja zdroja zvuku a Sireni zvuku vSetkymi
smermi akustickd intenzita s rastom vzdialenosti klesa.

» Ak predpokladame rovnomerné vSesmerové Sirenie zvuku, t.j. gulovu zvukovl vinu, akusticka
intenzita gul'ovej zvukovej viny sa zmensSuje imerne so Stvorcom vzdialenosti

29.2 2016 13



Inverse square law

Front row
intensity |

At 10 times the
distance, the same
sound energy will
be spread over

Back row I

intensity l[]O
90-20=70dB

100 times the area,
adrop to 1100
the intensity!

60m

2
L,,—L,=10-log L =20-|Og£: 2 1
r1 rl 6dB r2:2|’1

» Desatnasobné zvacSenie vzdialenosti znamena pokles hladiny akustickej intenzity o
20dB

* Dvojnasobné zvacSenie vzdialenosti znamena pokles hladiny akustickej intenzity o 6dB

29.2 2016 14



Sirenie zvuku v priestore

odraz zvuku (reflection)

ohyb zvuku (diffraction)

lom zvuku (refraction)

rozptyl zvuku (diffusion)
pohlcovanie zvuku (absorption)

29.2 2016
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Odraz zvuku (reflection)

Odraz od rovinnej steny

— Uhol odrazu a uhol dopadu zvukového luca

e Oc
 O0

Princip virtualneho akustického zdroja
raz od konvexnych a konkdvnych ploch
raz od parabolickej plochy

 O0

raz v rohoch stien

Narast akustickej energie v okoli odrazu (princip

superpozicie)

29.2 2016
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Odraz zvuku od rovinnej steny

Source Image

Listener

R\\\&\“\\\\\\\\\&\\i\\\\\\\\\\m\\\\\\\\\ AR

Wall

» Zda sa, ako keby odrazeny zvuk prichadzal od virtualneho zrkadlové zdroja (virtual
Image source).

» Pri takomto odraze uhol dopadu (angle of incidence) (61) je rovny uhlu odrazu (angle of
reflection) (Or).

* (Odrazena vlna je ,,novou‘ gulovou zvukovou vinou.
» 'V priestore dochadza k superpozicii priamej a odrazenej zvukovej viny.

29.2 2016 17



Odraz zvuku od konvexnej resp. konkavnej plochy

* Rovinna zvukova vlna, dopadajtica
na konvexnu plochu sa odrazi v
Sirokom uhle vSetkymi smermi.

 Plati to za predpokladu, Ze vinova
dizka dopadajucej viny je ovela
mensia, nez je vel'kost’ (najvacsi

linearny rozmer) konvexnej plochy.

29.2 2016

Wavefront

<

source

Ak je (najvacsi linearny) rozmer
konkéavnej plochy vacsi, nez vinova
dizka dopadajuceho zvukového
vlnenia, odrazena zvukova vlna ma
tendenciu sa koncentrovat’ do jedneho

bodu

18



Odraz zvuku od parabolickej plochy

Galton
o Po odraze rovinnej viny od bl >
parabolickej plochy dochadza N
ku koncentracii akustickej \
energie v ohnisku paraboly. Paraboli x

surface

v
17

o Ak akusticky zdroj umiestnime
do ohnisku paraboly, zvukova
vlna sa odrazi do priestory ako
rovinna zvukova vina. Plane

wavefronts

o V pripade na obrazku je
akustickym zdrojom
,,Galtonova pistalka* (Galton
whistle) — ultrazvukova
piStalka na psov.

Glass reflector

29.2 2016



LSepkajuca galéria“

(Whispering Gallery)

e ™~

A7 AN
/ \
[/ A\
i P
Focus For:uﬁw

Obrazok naznacuje vznik symetrickych bodov v miestnosti s paraboloidne tvarovanymi
Castami stien a stropu, v ktorych dochadza ku koncentracii akustickej energie odrazenej
rovinnej zvukovej viny resp. z ktorych sa akusticka energia po odrazeni od stien a Casti
stropu odrazi ako rovinna vina na druhu stranu miestnosti.

Sepkanie &loveka v jednom bode tak mdZe byt zretelne podutelné posluchadom v
symetrickom bode na druhej vzdialenej strane miestnosti.

Efekt ,Sepkajucej galérie® mozno najst napr. v Katedrale sv. Pavla v Londyne, v Bazilike
sv. Petra vo Vatikane, v Nebeskom chrame v Pekingu, v budove Kapitolu vo Washingtone
(Statuary Hall), v hale ,Grand Central Station“ v New Yorku a pod.

29.2 2016
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Rohovy reflector

Source 2

Source 1

Rohovy reflektor odraza zvukovu vinu naspat’ smerom ku zdroju zvuku (méze
prichadzat’ z 'ubovol'ného smeru).

29.2 2016
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Zdvojnasobenie akustického tlaku pri odraze zvukove;
viny

« Akusticky tlak na ploche kolmej k dopadajicej zvukovej vine je
umerny hustote akustickej energie zvukového vinenia pred
plochou.

« Ak je plocha dokonalym absorbérom, akusticky tlak je tmerny
hustote akustickej energie dopadajucej zvukovej viny.

* Ak je plocha dokonalym reflektorom, akusticky tlak je umerny
hustote akustickej energie dopadajucej aj odrazenej zvukovej viny

» To znamena, Ze akusticky tlak pred dokonale odrazivou plochou
je v porovnani s dokonale pohltivou plochou dvojnéasobny.

29.2 2016 22



Vypocet hladiny akustickeho tlaku pri odraze

5%

Microphone

_ 2D+ Dy
:\\—_ \ /
1o : ~

3
| ,L_'

blmage Loudspeaker ‘

source D <~ Dy

Uplatnenim pravidla, vyplyvajuceho z ,,Inverse Square Law** zistime, ze v
meracom bode bude hladina akustického tlaku odrazenej akustickej viny v
porovnani s hladinou akustického tlaku priamej viny niZsia o:

M
ALSPL = 20l0g IZDS n DM]
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Vypocet hladiny akustického tlaku pr1 odraze

5%
- Dm—><—DmS S

h\
N
I
I
[
. I/)——

Microphone b

d K Image
Loudspeaker source

Uplatnenim pravidla, vyplyvajuceho z ,,Inverse Square Law* zistime, ze v
meracom bode bude hladina akustického tlaku odrazenej akustickej viny v
porovnani s hladinou akustického tlaku priamej vlny nizsia o:

ALcp; = 201 UC
spL = 2709 lszs n Dm]

29.2 2016
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Ohyb (difrakcia) zvukového vinenia

« Kdifrakcii zvukoveého vinenia dochadza vtedy, ked zvukova
vina narazi na prekazku.

.V zavislosti od pomeru medzi vinovou dizkou a rozmermi
prekazky zmeni zvukova vina smer svojho pohybu

Diffracted
wave \

Noise source
b

Noise barrier

VIS SISV

29.2 2016 25



Difrakcia zvuku okolo prekazky

_— —
_— —_— L —
/ \
— / \
f— T
| |
Source Source
A B

Difrakcia zvuku zavisi od vlnovej dizky:

A. Prekazka je ovel'a menSia neZ vlnova dizka zvuku — zvuk prekazku ,,obide* bez toho,
aby zmenil smer.

B. Prekazka je ovela vicsia neZ vinova dizka zvuku — za prekazkou vznika ,,akusticky
tien* — na hranach prekazky dochadza k ohybu zvukovej viny, ktorého vysledkom ma
byt vyplnenie akustického tiena.

29.2 2016
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Direct and

By
L
Source \\\\\\\\\l\“i“ “ & Q‘ Listener E

Wall

Difrakcia zvuku
okolo zvukovej
bariery

Cast’ zvuku, dopadajticeho na bariéru bude odrazena a ¢ast’ zvuku zmeni smer:

A. Vysokofrekvencny zvuk bude bariérou uspesne stimeny, pretoze prejde nad bariérou — ohyb zvuku
je maly — zvuk nezmeni smer — za prekdzkou vznika akusticky tien.

B. Zvuk nizkych frekvencii bude timeny v podstatne mensej miere — okraj prekazky posobi ako zdroj
novej gulovej zvukovej viny, ktora sa §irt aj do miest za bariérou.

29.2 2016
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Utlm zvuku zvukovou bariérou

30

20

Attenuation - dB

10

S

0
50 100 300 500 1k 3k 5k 10k
Frequency - Hz

= Estimaciu u¢innosti zvukovej bariéry umoziuje napr. nomogram na obrazku.
= Velkost’ Gitlmu zvuku za bariérou zavisi od frekvencie a vysky bariéry.

29.2 2016 28



Ohyb zvuku v okoli 'udskej hlavy

+90°

Direction of
plane wave

Diffraction occurs around a solid sphere about the size of a human head. For
sound in the 1- to 6-kHz range, sound pressure is generally increased in the front
hemisphere and reduced in the rear.

29.2 2016
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Ohyb zvuku na ozvucnici

-10

\WAVAY
/ Vi

Amplitude - dB

20 50 100 200 500 1k 2k 5k 10k
Frequency - Hz

« The calculated effects of loudspeaker edge diffraction on the direct signal in
set-up of Fig. There is a significant change in overall frequency response of the

system.

29.2 2016
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Lom zvuku (refraction)

Refraction changes the direction of travel of the sound by differences in
the velocity of propagation. Diffraction is changing the direction of travel
of sound by encountering sharp edges and physical obstructions (chapter
11). Most people find it easy to distinguish between absorption and
reflection of sound, but there is often confusion between diffraction and
refraction (and possibly diffusion, the subject of the next chapter). The
similarity of the sound ot the words might be one cause for this confusion,
but the major reason is the perceived greater ditficulty of understanding
diffraction, refraction, and diffusion compared to absorption and reflec-
tion. Hopetully Chaps. 9, 10, 11, 13, and this chapter will help to equalize
and advance understanding of these five important effects.

29.2 2016
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Lom zvuku
(refraction)

Refracia je zmena smeru zvukovej
viny pri Sireni zvuku v
prostrediach s nerovnakymi
rychlost’ami Sirenia zvuku.

29.2 2016

Denser medium
(Higher sound speed)

Less dense miedium
(Lower sound speed)

Speed of
Medium Sound ft/sec m,/ sec
_ Air 1,130 344
Seawater S S 1. 5040
- Wood, fir 12,500 3,800
Steel bar 16 504 5. 050
Gypsum board 22 S L= )

32



Lom zvu!<u b <
v atmosfére I I B

Limiform

Warm

Air temperature

Lamanie zvuku v atmosfére, ktoré je sposobené existenciou tepelnych gradientov:
A. Teplota vzduchu je rovnaka vo vSetkych vrstvach atmosféry.

B. Vzduch je pri zemi chladnejsi (prizemny mraz).

C. Vzduch je pri zemi teplejsi a s rasticou vySkou teplota vzduchu klesa.

29.2 2016
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. om zvuku
v atmostére

Warm air

Cool air

P

Downwind Cool air

Wind

direction

Y

Warm air

Acoustic AF Acoustic

shadow “ shadow

Acoustic
shadow

Comprehensive illustration of refraction of sound from source.
A. Cool air near the ground and warmer air above.

B. Warm air near the ground and cooler air above; note that acoustic shadow areas result
from the upward refraction.

C. Wind gradients can affect the propagation of sound. A shadow sound is created upwind
while good listening conditions exist downwind.

29.2 2016 34



Wind
direction

Sound

shadow

Wind gradients refract (not a true refraction) sound. A shadow sound is created upwind

and good listening conditions downwind.

29.2 2016
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N 407 Bermuda v
N 20° ""*\ (c
: T A ‘
. \ Ny
o (
E 520 \ EAO (
T \ [ Perth sl |
540° ~ f",.-vj/
T — |
560°

Weor Wd40°  W2or 0 E20° E40° E60° EB80° E100° E 120°

Longitude

Refraction of sound in the ocean. A 600-lb charge was detonated near Perth, Aus-
tralia, and the sound was recorded at Bermuda, over 12,000 miles away. The secret
lies in the fact that the sound was confined to a sound channel by refraction that
reduced losses. The sound took 3.71 hours to travel almost half way around the world.
Such long-distance transmission of sound in the sea is being used to study long-range
warming effects of the ocean. (After Heaney et al.?)
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Absorpcia zvuku

Zakon zachovania energie hovori, Ze energiu nemozno stvorit’ ani zni¢it. Energiu vSak
moZzno premenit’ z jednej formy na inu.

» Ak je v priestore nadmerna zvukova energia, nemozno ju eliminovat’,, mdéZeme ju vSak
transformovat’ do inej, ,,neSkodnej* formy.

« Toto je ulohou zvuk absorbujtcich materialov.

» Zvukove absorbéry mozno rozdelit’ do nasledovnych troch typov:
— Porézne absorbéry (porous absorbers),
— Panelové absorbéry (panel absorbers) a
— Rezonan¢né absorbéry (volume or resonance absorbers).

« Porézne absorbéry s obycajne najucinnejsie pri vyssich frekvenciach, panelové a
rezonancne s najucinnejsie pri nizsich frekvenciach.
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Absorpény koeficient

Absorpcné vlastnosti materialu definuje tzv. absorpcny koeficient,
pre ktory plati:

=7
kde E, je absorbovana akusticka energia a E; celkova akusticka
energia dopadajuceho zvuku (incident sound).

a

Energia odrazeného zvuku je potom:
Er=010-a)-E

Absorption coefficients vary with the angle at which sound impinges

upon the material.
29.2 2016 38



Absorpény koeficient

Je funkciou frekvencie a uhla, pod ktorym zvuk
dopada na absorbujucu plochu.

%
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Vypocet absorpcie

The sound absorption A provided by a particular area of material is obtained by:
A=S5S «a
where A = absorption units, sabins or metric sabins
S = surface area, sq ft or sqm
o = absorption coefficient

When calculating a room’s total absorption, all the materials in the room,
according to their area, will contribute to the total absorption:

XA = Slal + Szaz + 536(3 + .-
Where S1,S2,S3...=surface areas, sq ft or sqgm
al, a2, a3 ... = respective absorption coefficients
The average absorption coefficient can be calculated by dividing the total

absorption by the total surface area:
YA

azg

29.2 2016

40



Doba dozvuku (reverberation time)

* When a loudspeaker is turned on, it emits noise in a room that
quickly grows to a certain level. This level is the steady-state or
equilibrium point at which the sound energy radiated from the
loudspeaker is enough to overcome losses in the air and at the
room boundaries.

« When the loudspeaker is turned off, it takes a finite length of time
for the sound level in the room to decay to inaudibility.

 This aftereffect of the sound in a room, after the excitation signal
has been removed, Is reverberation and it has an important
bearing on the acoustic quality of the room.
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4

D OYAVAY k /:\<>\ R,
(Reverberation) ) N
\/ Rz/ >

Narast a pokles zvukove;j

energie v miestnosti:

A. 'V Case t=0 prichadza k ! P
posluchacovi (L) ako | M+ Ryt Ry
prvy priamy zvuk od B Ay
zdroja. Odrazené zvuky
prichadzaju neskor.

B. Hladina akustického ' time
tlaku v mieste L

Sound pressure

- D
postupne rastie. 2l "\jﬁ "

C. Po vypnuti zdroja zvuku C 4! ~~ o Rig
hladina akustického E 'H‘ ~=
tlaku exponeniélne | . .
klesa. ! Time
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Impulzova odpoved
miestnosti

Teoretickd odpoved’ na idedlny impulz

Realne zmerana impulzova odpoved’
poslucharne. Zdrojom bol ,,laser-
inducec spark source*.
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Doba dozvuku

« Doba dozvuku (RT, Reverberation Time) je miera rychlosti poklesu zvukovej energie.

« Je definovana ako Cas, pocas ktoré¢ho dojde v miestnosti k poklesu intenzity zvuku o 60
dB z povodne;.

« Takto definovana doba dozvuku sa oznacuje ako RT.

Sound source
On Off

Idealny narast a pokles zvukovej energie v v v
miestnosti:

Sound Pl'(.‘.‘i.‘iul'(_‘
=

A.  Linearnej Skaly na vertikalnej osi
(akusticky tlak).

Time

On Off

B.  Logaritmicka Skala na vertikalnej osi
(hladina akustického tlaku v dB).

Sound |J ressure

29.2 2016
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Meranie doby dozvuku

100 A
- i
o
v 80F
o
-
3 !
QL
E 60 F
A |
-
2 a0}
=
]
A i
0
Time
A

The length of the decay depends on the strength of the source, and the noise level.
A. Rarely do practical circumstances allow a full 60-dB decay.

100

80

60

40

Sound-pressure level - dB

60

\
\
< RT,, —)-rl \
Time
B

B. The slope of the limited decay is extrapolated to determine the reverberation time.
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Vplyv dozvuku na zrozumitel'nost’ reci

‘ 0.32 sec

Relative sound-
pressure level - dB

—60

Time - sec

« An illustration of the effects of reverberation on the intelligibility of speech.

» Understanding the word “back” depends on apprehending the later, lower level
consonant . . . ck,” which can be masked by reverberation if the reverberation

time is too long.

29.2 2016
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Vplyv dozvuku na hudbu

e The effect of hall resonance or reverberation on music IS
Intuitively grasped but is more difficult to quantify:.

» For example, a reverberation time that seems suitable for one type
of music may be unsuitable for another type of music.

 In any case, the optimal reverberation time for music is both
variable and subjective.

 This subject has received much attention from scientists as well
as musicians.

« Suffice It to say that the reverberation decay of a music hall is an
Important factor among many.
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Churches
2

0 L] Ll 1 I
0 10,000 100,000 1,000,000

Volume - cu ft

Reverberation time - sec

Optimalne doby dozvuku pre kostoly.

V hornej Casti st doby dozvuku, ktore st
vhodnejsie pre domy a katedraly, v
ktorych st realizované najma liturgie
(spev, hudba)

V dolnej €asti st doby dozvuku,
odportcané pre mensie kostoly, v
ktorych prebiehaju aj kazne (rec).

* Vo vicsine pripadov je nutny
kompromis.
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Reverberation time - sec

—

Optimalna doba dozvuku

Concert halls

—

E—

I\II[I| | [II]II| | I I N

10,000 100,000 1,000,000

Volume - cu ft

Optimalne doby dozvuku pre
koncertne¢ saly.

V hornej Casti st doby dozvuku,
vhodné pre symfonicky orchester.

V dolnej Casti — opery a komorna

hudba
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Optimalna

doba dozvuku
o pre auditoria a
| BT zvukové stadia

—S
- ‘.:—;//-<—/
- —
Television studios

y 3 3 3 ] 1t sl 1 1 I |
0 10,000 100,000 1,000,000

Volume - cu ft

Reverberation time - sec

 Spaces designed for speech and music recording require
shorter reverberation times.

29.2 2016
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Vypocet doby dozvuku

Sabine’s reverberation equation, published in 1900, was developed in a strictly empirical
fashion.

He observed that reverberation time depends on room volume, and absorption.
In particular, he devised the following relationship:

|74
RTo = 0,1612 [s; m3, metric sabin]

|74
RT¢o = 0,049Z [s; ft3, sabin]

Where: RTgo = reverberation time, sec

V = volume of room, m3
A = total absorption of room, metric sabins

Rovnica dava nepresné vysledky, ak ide o miestnosti s vysokou mierou absorpcie zvuku:

* Norris-Eyring Equation
« Fitzroy Equation
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Kriticka vzdialenost’

* V miestnosti s dozvukom je to
vzdialenost’ od zdroja zvuku, pri ktorej je
intenzita zvuku priamo od zdroja
rovnaka, ako intenzita dozvuku (t.).
intenzita odrazeného zvuku)

Free ; Reverberant
field o+ field

SPL

* Plati: i
Near | Far
field . field

log r

[metricka sustaval]

»  Poslucha¢, nachédzajici sa do kritickej
vzdialenosti, sa nachadza v tzv. voI'nom
akustickom poli, v ktorom dokaZze bez problémov
identifikovat’ smer prichadzajuceho zvuku

*  Posluchac, nachadzajici sa za kritickou
vzdialenost’ou, sa nachadza v tzv. dozvukovom
akustickom poli, v ktorom nedokaze zistit’ odkial
zvuk prichadza
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Size 233 % 16 x 10 ft
Treatment None
Floor Concrete
Walls Gypsum board, 1/2", on frame construction
Ceiling Ditto
Volume (23.3) (16) (10) =3,728 cu ft
. . 125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz
Material S
sq ft a Sa a Sa a Sa a Sa a Sa a Sa
Concrete 373 ( 0.01 3.7 0.01 3.7 0.015 5.6 0.02 75| 0.02 7.5 | 0.02 7.5
gypsum board | 1,159 | 0.29 | 336.1 | 0.10 | 115.9 | 0.05 58.0 | 0.04 | 464 | 0.07 | 81.1 | 0.09 | 104.3
Total sabins 339.8 119.6 63.6 53.9 HE.6 111.8
Reverberation time (.54 1.53 2.87 3.39 2.06 1.63

(seconds)

Example: For 125 Hz, RT60 =

a = absorption coefficient for that material
and for that frequency (See Appendix)
Sa = 5 times a, absorption units, sabins

0 (0.049) (3728) 1827
- Sa  Sa

182.7
339.8

= .54 second

Room conditions and calculations for Example 1.

29.2 2016
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(o]

)

Reverberation time - seconds

The calculated reverberation characteristics of a 23.3 x
16 x 10 ft room: (A) the “as found,” untreated condi-
tion of Example 1, (B) treated condition of Example 2.

29.2 2016

125 250 500 1k 2k 4k

Frequency - Hz

Reverberation Calculation:
Example 2

The goal now is to correct the reverberation
of curve A of Fig. 7-23. It is evident that
much absorption is needed at midband
frequencies, a modest amount at higher fre-
quencies, and very little at lower frequen-
cies. The need is for a material having an
absorption characteristic shaped more or
less like the reverberation curve A. Skip-
ping the laborious thumbing through of
handbooks, %/4-in acoustical tile seems to
have the right shape. Giving no thought at
this point to how it is to be distributed,
what area of this tile is required to correct
for Fig. 7-23A7
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Tento priklad ilustruje pouzite Sabinovej rovnice. Rozmery
akusticky neupravenej miestnosti je 23.3 x 16 x 10 ft. Miestnost’
ma beténové steny a podlahu a tramovy strop je pokryty 1/2-
palcovym sadrokartonom. As a

simplification, the door and a window will be neglected as
having minor effect.

Figure 11-21 shows the untreated condition. The concrete floor
area of 373 ft2 and the

gypsum board area of 1,159 ft2 are entered in the table. The
appropriate absorption coefficients a are entered from the table
in the appendix for each material and for the six

frequencies. Multiplying the concrete floor area of S = 373 ft2
by the coefficient o = 0.01

gives a floor absorption of 3.7 sabins. This is entered under Sa
for 125 and 250 Hz. The

absorption units (sabins) are then figured for both materials and
for each frequency. The

total number of sabins at each frequency is obtained by adding
that of the concrete floor

to that of the gypsum board. The reverberation time for each
frequency is obtained by

dividing 0.049 V = 182.7 by the total absorption for each
frequency.

To visualize the variation of reverberation time with frequency,
the values are plotted

in Fig. 11-22A. The peak reverberation time of 3.39 seconds at 1
kHz is excessive and

would yield poor sound conditions. Two persons separated 10 ft
would have difficulty

understanding each other as the reverberation of one word
masks the next word.
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Size 233 x 16 % 10 ft
Treatment None
Floor Concrete
Walls/ceiling  Gypsum board, '/2", on frame construction
Volume (23.3)(16)(10) = 3,728 cu ft
. 125 Hz 250 Hz 500 Hz 1kHz 2kHz 4 kHz
Material S
sq ft S S s s s s
Concrete 373 0.01 3.7 1001 3.7 0.015 5.6 | 0.02 75 0.02 7.5 | 0.02 75
Gypsumboard| 1,159 || 0.29 [ 336.1 | 0.10 | 1159 | 0.05 58.0 | 0.04 | 464 | 0.07 | 81.1 | 0.09 | 1043
Total absorption 3398 1196 63.6 53.9 88.6 1118
(sabins)
Reverberation time 054 1.53 287 339 2.06 163
(seconds)
S = area of material
= absorption coefficient for that material
and for that frequency
A=5 absorption units, sabins
(0.049)(3728) 182.7
©=TTA T A
Example: For 125 Hz, RTg = ;g;; =0.54 second



Bezdozvukova komora

(Anechoic chamber)

» Anechoicka (,,an-echoic* znamena ,,bez
echa*) komora je zatvoreny priestor,
ktory je navrhnuty tak, aby bol dokonale
1zolovany od externych zdrojov zvuku a
zaroven aby v nom nedochadzalo ku
vzniku akustickych odrazov od stien
komory.

» PouZitie anechoickych komor:

— Meranie charakteristik akustickych prijimacov
a vysielacov (mikrofonov, reproduktorov, ...).

— Meranie charakteristik priemyselnych zdrojov
hluku a Sumu (od fénov az po lietadla).
* Jednym z parametrov anechoickych
komor je ,,Sumova hladina“:
— Bezné hodnoty su okolo 10 - 20 dB

— Vroku 2005 bola najnizs$ia namerana hladina
Sumu -9,4 dB

— Od roku 2015 drzi rekord anechoicka komora
- - oise from outside the chamber is blocked
firmy Microsoft -20,6 dB /\ NG ok e

Conductive foam
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Difuzia (rozptyl) zvuku

The goal of most room designs is to obtain sound energy across the audible frequency range
that is uniformly distributed throughout the room.

This is unattainable, but diffusion greatly assists in the effort.

29.2 2016
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Acoustical Temporal Spatial

treatment response response
0
Direct sound \—39 0 /
{ Attenuated SN L 60
~ reflection T -
- 90

Reflection : .Specular E

Diffusion “ 10 msec -

‘| Diffusion

Time (msec)

FIGURE 14-8

A comparision of the three physical principles of absorption, reflection, and diffusion.
Peter D'Antonio, RPG Diffusor Systems, Inc. and the Audio Engineering Society.
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[he Schroeder Diffusor

01 49168 2151313152 816 9 4 1

One period

A typical quadratic-residue diffusor based upon the prime number 17 column of Fig 14-3. The depths of the

wells are proportional to the sequence of numbers in the prime-17 column. Two periods are shown illustrat-
ing how adjacent periods are fitted together.
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FIGURE 14-8

A cluster of commercial quadratic-residue diffusors. Below are two QRD-4311™ diffus-
ing modules with a single QRD-1911™ mounted above. The hemidisc of diffusion for the

lower unit is horizontal, that of the upper unit is vertical. peter D’Antonio, RPG Diffusor System,
Inc. and the Audio Engineering Sodiety, Inc.

59



Akusticke polia

VolI'né pole (Free Field)

Akustické pole je voI'né, ak je homogénne, neohranicené a ak ho neovplyviiuji iné zdroje zvuku. Vo vol'nom poli sa
zvukova energia §iri jednym smerov — tok energie je jednosmerny. V praxi sa za vol'né pole povaZzuje aj taky
akusticky priestor, v ktorom maji1 vyssie uvedené obmedzenia maly vplyv. Za vol'né pole mézeme napr. povazovat’
priestor v bezdozvukovej komore (anechoic chamber) — voI'né pole je umelo vytvorené sttmenim odrazov.

Difuzne / dozvukové pole (Diffuse / Reverberant Field)

Diftizne (dozvukové) pole je pole, v ktorom priemerna hodnota akustického tlaku, merand na definovanom casovom
intervale je konStantna v celom poli a tok akustickej energie je ndhodny a rovnako pravdepodobny v 'ubovol'nom
smere. Dozvukové pole moze vzniknut napr. v uzavretom priestore bez akustickej absorbcie.

Polo/semi-dozvukové pole (Semi-reverberant Field)

Je to pole, v ktorom je Cast’ akustickej energie absorbovana a Cast’ je odrazena do priestoru. Akustickd energia prudi
vo viacerych smeroch. VicSina akustickej energie priestoru ma pdvod v difiznom poli, zaroven vSak existujav nom
komponenty pola, ktoré maju rozpoznatelny smer Sirenia energie od zdroja zvuku. Semidozvukové pole je typickym
typom zvukového pol’a, vyskytujiicim sa vo vi¢Sine zatvorenych priestoroch.

Tlakové pole (Pressure Field)

V tlakovom poli je okamZitd hodnota akustického tlaku homogénna v celom priestore. V tlakovom poli sa zvukova
vlna nesiri — nema Ziaden smer. Tlakoveé pole vznika v dutinach, ktorych maximalny rozmer je mensi ako Stvrtina
vlnovej dizky zvuku, Pretoze tlakové pole je pomerne 'ahko opakovatelné, pouZiva sa napr. na kalibrovanie
mikrofonov.

Ambientné Sumové pole (Ambient Noise Field)

Ambientné (t.]. okolité, vSadepritomné, v pozadi) Sumové pole tvora zvukové zdroje, ktoré neprispievaji The
ambient noise field is composed of those sound sources not contributing to the desired LD (i.e., active sources).
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